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1. 


Introduction 


Terrain  analysis  is  the  systematic  study  of  image  elements  relating  to  the  nature  origin  moroholoaic 

composition  of  distinct  units  called  landforms  (Way  1978,  Lillesand  and  Kiefer  °?79  Mhtzer 
^  ^984).  Landforms  are  natural  terrain  units,  usually  of  the  third  relief  order 

developed  under  similar  conditions  of  climate,  weathering,  and  erosion  exhibit  a  dfstfnct  and’ 

Characteristics.  The  entity  of  landform  is  fundarn^n?al  in 
representing  and  organizing  topographic  and  geomorphic  information  through  the  pattern-element 
approach  to  terrain  analysis.  The  landform-pattern  element  approach  is  based  on  the  following  premise- 
any  two  terrain  surfaces  derived  from  the  same  soil  and  bedrock,  or  created  by  a  similar  proSss 
^copying  the  sarne  relative  position,  and  existing  under  the  same  climatic  conditions  exhibit  siniilar 

fqyq  elements {VJay  1978,  Lillesand  and  Kiefer 

1983  Mintzer  and  Messmore  1984).  The  elements  examined  include  topographic  form 
dra  nage  pattern  gully  characteristics,  soil  tone  variation  and  texture,  land  use,  vegetation  and  special  ’ 
features  (T^le  1).  An  analysis  of  the  meanings  of  some  of  these  generic  topographic-terms  has  been 
published  by  Rinker  and  Corl  (1984),  Hoffman  (1985)  and  Hoffman  and  Pike  (1993). 


Table  1  Some  landform-pattern  elements  and  their  types. 


Drainage  Vegetation-land  Special  feature 

pattern  use 


A-shaped  hill 

Anastomotic 

Barren 

Bold  domelike  hill 

Angular 

Cultivated 

Broad  and  level 
plain 

Conical  hill 

Annular 

Forested 

Asymmetrical 

Grass 

Crescent-shaped 

hill 

Barbed 

Natural  cover 

Dissected  plain 

Braided 

Rangeland 

Drumlin  shaped 

Centripetal 

Urban 

Fan-Shaped  plain 

Collinear 

Wetland 

Flat 

Contorted 

Flat  table  rocks 

Dendritic 

Gently  rolling 

Deranged 

Hill 

Dichotomic 

Hummock 

Elongated  bay 

Isolated  hill 

Illusory 

Karst 

Incipient 

Level  plain 

Internal 

Massive  hill 

Kettle  hole 

Parallel  laminations 

None 

Gullv  shaoe 

Parallel  ridges 

Parallel 

U-shaped 

Pitted  plain 

Pinnate 

V-shaped 

Plain 

Radial 

White  fringed 

Ridge 

Rectangular 

Ridge  and  Plain 

Reticular 

Rounded  Hill 

Subdendritic 

Soil  tone  variation 

Saw-toothed  ridge 

Subparallel 

Black 

Sinkhole 

Swallow  hole 

Dull  gray 

Snakelike  ridge 

Thermokarst 

Light  gray 

Soft  Hills 

T  rellis 

White 

Soft  rounded  hill 

Yazoo 

Star-shaped  hill 

Soil  tone  texture 

Steep  Hillsides 

Banded 

Undulating  plain 

Mottled 

Vertical  slopes 

Scrabbled 

Kettle- knob 

Uniform 

Blowouts 
Cigar-shaped 
Columnar  jointing 

Contour  farming 
Fan-shaped 

Fluvial  marks 
Hummocky  slopes 
Meanders 
Natural  levees 
Parallel  ridges 
Rounded  boulders 


Terrain  analysts  use  the  pattern  elements,  as  well  as  maps  and  bibliographic  information,  to  identify 
landforms,  their  parent  material,  and  their  engineering  characteristics  and  significance.  The  landform  is 
inferred  from  the  pattern-elements  of  the  site  and  then  the  parent  material  is  inferred  by  its  association 
with  the  landform.  The  discipline  was  developed  by  terrain  analysts  who  used  image  analysis  as  a  source 
for  terrain  information  for  operations  planning  and  construction  projects  (Way  1978,  Lillesand  and  Kiefer 
1979,  Mintzerand  Messmore  1984). 

Problem  solving,  in  this  approach  commences  with  the  analyst  formulating  hypotheses  about  the 
landforms  likely  to  occur  in  the  study  area,  by  drawing  upon  his  experience  and  auxiliary  information 
specific  to  the  region  (Mintzer  and  Messmore  1984).  Then  he  searches  the  aerial  image,  to  find  a  match 
between  the  expected  pattern  elements  of  one  of  the  hypothesized  landforms  -  as  those  are  found  in  texts 
and  guides  -  and  the  observed  characteristics.  The  analyst  continues  this  procedure,  until  all  the  pattern 
elements  are  examined.  If  there  is  a  significant  match  between  the  expected  and  observed  pattern 
elements,  the  identity  of  the  landform  of  the  site  is  established.  Otherwise,  the  next  landform  in  the 
hypothesis  list  is  investigated  for  a  match. 


1.1  The  need  for  computational  models  for  landform 
_ interpretation 


Terrain  analysis  can  be  time  consuming,  labor  intensive  and  costly.  Its  skills  are  a  product  of  lengthy  and 
expensive  training.  Therefore,  it  could  help  to  at  least  partially  automate  this  process  by  developing 
computer-assisted  interactive  systems.  Such  systems  could  improve  training  by  introducing  students  to 
the  decisions  made  by  experts  and  by  improving  the  quality  and  reliability  of  interpretation.  At  the  same 
time  provide  a  research  vehicle  to  explore  and  test  the  landform-reiated  knowledge. 

Landform  interpretation  is  still  an  art  without  a  formal  theory  (Ryerson  1989,  Hoffman  1987).  Knowledge, 
available  in  books,  is  descriptive  and  fuzzy.  A  procedural  framework  for  problem  solving  is  missing:  books 
do  not  elaborate  on  the  strategies  needed  to  guide  a  novice  to  the  process  required  for  landform 
identification.  On  the  other  hand,  trained  and  skilled  experts  routinely  perform  landform  interpretation. 
Implicit  terrain-related  knowledge,  somehow  enables  the  expert  to  directly  perceive  or  indirectly  infer 
landforms  from  aerial  images.  Expertise  is  not  documented  in  textbooks  and  manuals  and  hence  it  is  not 
clear,  explicit  and  unambiguous.  It  can  not  be  easily  taught,  expanded,  preserved,  transferred,  replicated, 
and  criticized. 

There  is,  therefore,  a  need  to  methodically  study  the  terrain-analysis  reasoning  process  and,  to  better 
understand  this  process,  develop  a  systematic  framework  for  the  recognition  of  landforms  from  aerial 
images  (Leighty  1973  and  1979,  Hoffman  1985,  Argialas  and  Narasimhan  1988a  and  1988b). 
Knowledge-based  expert  systems  offer  the  promise  for  the  representation  of  data  and  reasoning  in  many 
fields  including  image  interpretation. 

1  .2  Knowledge-based  expert  systems 


Knowledge-based  expert-systems  (KBES)  are  a  field  of  artificial  intelligence  that  addresses  complex, 
domain  specific,  problem  solving  that  requires  unique  expertise  (Hayes-Roth  et  al.  1983,  Harmon  and 
King  1985,  Jackson  1986).  Their  performance  depends  critically  on  facts  and  heuristics  used  by  experts. 
Their  success  is  largely  determined  by  the  effective  computer  representation  of  domain  knowledge. 

Production  rule-based  systems  are  the  most  widely  used  scheme  for  knowledge  representation.  Factual 
knowledge  is  represented  as  object-attribute-value  triples.  Strategic  knowledge  is  represented  as  sets  of 
rules,  of  the  form  IF  ["condition  statements"]  THEN  ["action  statements’],  that  will  be  checked  against  a 
collection  of  problem  facts  Xo  infer  new  facts.  When  a  problem  satisfies  or  matches  the  IF  part  of  a  rule, 
the  action  specified  by  the  THEN  part  of  the  rule  is  performed.  The  execution  of  a  set  of  rules,  commonly 
called  rule-chaining,  results  in  a  new  set  of  facts  which  is  added  to  the  existing  list,  which  trigger  other 
rules.  In  such  a  system  rules  can  operate  in  forward  or  backward  chaining.  Forward  chaining  matches 
rules  against  facts  to  establish  new  facts.  In  backward  chaining,  the  system  starts  with  what  it  wants  to 
prove  and  tries  to  establish  the  facts  it  needs  to  prove  it. 

Frames,  another  knowledge-representation  scheme,  are  structural  models  for  representing  stereotyped 
objects  or  situations  (Minsky  1975).  A  class  frame  is  a  collection  of  all  information  that  describes  a  class 


of  objects.  An  objector  instance  frame  is  a  collection  of  all  informatton  that  describes  an  individual  of  a 
class  frame.  Each  frame  has  slots  that  contain  properties  and  relations  about  classes  and  objects.  The 
slots  specify,  through  an  associated  set  of  rules  or  procedures,  what  is  known  about  an  object  and  how 
can  be  acquired.  Inexact  reasoning  procedures  have  been  developed  to  complement  the  knowledge 
representation  and  inferencing  mechanisms  of  rule  and  frame  based  systems  in  case  where  facts,  rules 
and,  consequently,  conclusions  are  uncertain  or  inexact.  These  techniques  represent  uncertainties  \r\  facts, 
combination  of  facts,  rules  of  inferencing,  and  facts  supported  independently  by  several  rules  (Harmon  and 
King  1985,  Jackson  1986). 


1.3  K  n  0  w  I  e  d  g  e  -  b  a  s  e  d  expert  systems  for  landform 
_ interpretation _ _ 

Towards  the  methodical  representation  of  data  and  of  reasoning  in  landform  interpretation  Argialas  and  his 
associates  used  a  variety  of  expert-system  methods  and  tools  to  address  terrain  knowledge-representation 
through  the  landform-pattern  element  approach  and  to  construct  prototype  expert-systems  for  inferring  the 
landform  of  a  site  from  user  observattons  of  pattern  elements.  Meanwhile  others  also  developed  pertinent 
methods  and  knowledge  bases  including  Leighty  (1973, 1979),  Rinker  and  Corl  (1984),  Mintzer  (1988) 
and  Edwards  (1987). 

The  expert-system  approach  to  terrain-analysis  problem-solving  was  first  implemented  in  a  rule-based 
production  system  language  involving  inexact  reasoning  (Argialas  and  Narasimhan  1988a  and  1988b). 
Subsequent  work  added  such  knowledge-representation  formalisms  as  frames  (Argialas  1989)  and  fuzzy 
sets  (Narasimhan  and  Argialas  1989).  The  systems  described  were  called  Terrain  Analysis  experts 
(TAX-1,2,  3)  (Table  2). 


Table  2  Comparative  features  of  the  three  terrain  analysis  expert-system  prototypes. 


Feature  of  prototype 

TAX-1 

TAX-2 

TAX-3 

Object  representation 

Object-attribute- 

value 

Frames 

Frames,  objects 

Inference 

Production  rules 

Rules 

Rules,  demons 

Inexact  reasoning 

Bayesian 

Bayesian 

Fuzzy  sets 

Rule  chaining 

Fonvard 

Backward/forward 

Backward/forward 

Expert  system  tool 

Ops  5 

Intelligent  compiler 

Kee 

In  TAX-1  factual  knowledge  described  the  landforms  in  relation  to  their  pattern  elements  and  the  ' 
physiographic  sections  in  relation  to  their  expected  landforms  (Table  3).  Strategic  knowledge  (problem¬ 
solving  decisions)  were  represented  by  inexact  production  rules  through  a  Bayesian  formalism  (Tables  4, 
5).  Based  on  user  response  for  the  query  of  the  physiographic  section  of  the  site,  the  system  constructed 
a  set  of  candidate  landforms  of  the  site  and  estimated  their  a  p/-/dr/ probabilities.  TAX  then  chose  the 
landforms  in  this  candidate  list,  one  by  one,  and  attempted  to  establish  each  one  of  them,  by  matching 
the  user-supplied  pattern-elements  of  the  site  with  those  expected. 


Table  3  Probabilities  of  occurrence  of  three  landforms  in  the  physiographic  section 
Cumberland  Plateau  as  used  in  the  TAX-1  expert  system 


Physiographic 

Section 

Landform  type 

Probability  of  occurrence 

Cumberland  Plateau 

Humid  sandstone 

0.45 

Cumberland  Plateau 

Humid  shale 

0.45 

Cumberland  Plateau 

Humid  limestone 

0.10 

Table  4 


Typical  landform-related  objects  with  their  attributes  and  values  designed  for  the 
TAX-1  expert  system  shown  coded  in  the  OPS5  language  and  explained  in 
English.  Objects  are  shown  boldface,  attributes  are  preceeded  by  a  caret  and 
values  are  shown  in  italics. 


landform_topography_pair 

''landform_type  sandstone_humid 

^topography  steep_slopes 

''landformJopographyjDeh  0.60 

''landform_topography_penoth  0.0 


'^status 


nil 


This  object  was  designed  to  express  the  relation  between  any  landform  and  its 
topography.  This  instance  of  this  object  indicates  that  landform  “sandstone_humid” 
has  topography  “steep_slopes”  with  probability  -  P(E/H)=0.6  and  it  has  not  been 
used  for  reasoning  as  yet  by  TAX  (status=nil). 


landform_of_the_site 


^landform_type  sandstone_humid 

^probability  o.45 

^status  nil 


This  object  was  designed  to  store  the  a  priori  or  a  posfer/'or/ probability  of  any 
landform  of  the  site.  The  initial  value,  here  set  to  0.45,  is  obtained  from  a  priori 
knolwedge  regarding  the  site.  This  instance  of  this  object  indicates  that  landform 
sandstone_humid’  has  a  priori  probability  -  P(H)=0.45  and  it  has  not  been  used  for 
reasoning  as  yet  by  TAX  (status=nil). 


topography_of_the_site 


^landform_type  sandstone^humid 

^topography  steep__slopes 

^certainty_value_of_topography  + 1 


^status 


nii 


This  object  was  designed  to  store  the  topography  of  the  site  and  its  certainty  -  as 
these  are  provided  by  the  user.  This  instance  of  this  object  indicates  that  topography 
‘‘steep_slopes”  was  observed  by  the  user  with  certainty  -i-l  and  landform 
sandstone_humid  is  one  of  the  canditate  landforms  with  such  topography.  Similar 
objects  will  also  be  created  for  all  other  landforms  of  the  knowledge  base  which  are 
known  to  have  topography  “steep_slopes”. 


A  second  prototype,  the  Terrain  Analysis  Expert-2  {TAX-2)  system  (Argialas  1989)  was  designed  in  the 
intelligence  Compiler,  a  frame  and  rule  based  expert-system  tool  (Intelligence  Ware  1986).  Table  2 
shows  the  comparative  features  of  the  three  implementations  of  TAX-1,  -2,  -3.  TAX-2  demonstrates  the 
representation  and  reasoning  capabilities  of  frames,  backward  and  forward  chaining  rules,  and  inexact 
reasoning  for  the  landform  interpretation.  Frames  were  developed  to  represent  relations  between 
physiographic  sections  and  landforms,  landforms  and  their  pattern  elements,  and  pattern  elements  and 
their  associated  likelihood  of  occurrence  in  each  landform  type.  Frames  demonstrated  the  inheritance  of 
attributes  from  generic  representations  of  terrain  units  to  their  specific  instances.  Frames  also  represented 
procedural  knowledge  by  embedding  it  in  the  form  of  active  values  or  attached  predicates  Fig^  6  shows 
°L  ^°P°9raphy.  It  is  indicated,  through  the  property  parent,  that  frame  topography  is  a 
child  of  trame  pattern-eiement-generic.  Topography  has  been  designed  with  ten  slots  (properties)  some 
declare  possible  values  (e.g.,  steep-slopes,  medium-slopes,  and  flat-undulating),  others  declare  default 
assignments  (e.g.,  name),  while  others  contain  specific  values  or  have  attached  predicates  for 
computa  ion  of  values  {e.g.,  best).  Property  best  has  a  procedural  attachment,  e.g.  predicate  get-inferred 
which  will  call  the  corresponding  backward  rule. 


Table  5 


Rule  that  hypothesizes  a  landform  type  based  on  physiographic  information 
designed  for  the  TAX-1  expert  system  shown  coded  in  the  OPS5  language  and 
explained  in  English. 


OPS5  (p  hypothesize_aJandform_type_based_onjDhysiogrphy 
coded  rule  (sectionJandformjDair 

''section_name  <section_value> 

^landform_type  <landform_value> 

^secttonJandformjDrob  <probability_value> 


(make  landform_of_the_site 

''landform_type  <landform_value> 

''probability  <probability_value>)) 


Explanation  p 
ofOPSS  '  A 
language  ^ 

symbols 


English 
version  of 
above  rule 


If 


means  that  what  follows  is  a  production  rule 
implies  that  what  follows  is  an  attribute  name 
encloses  an  attribute  value 
means  “then” 


there  exists  a  landform  type  in  the  knowledge  base  which 
occurs  in  the  same  physiographic  section  as  the  one  given 
by  the  user, 


then  create  an  object  landform-of-the-site  and  initialize  its 

probability  to  the  a  priori  probability  of  the  occurrence  of  that 
landform  type  in  that  physiographic  section 


Table  6.  A  frame  for  Topography  with  attributes  and  attached  procedures 


Frame 

Topography 

Parent 

Pattern  element  generic 

Best 

Name 

Topography 

Steep_slopes 

SS 

Medium_slopes 

MS 

Flat_undulating 

FU 

Sandstone 

Sandstone topography-eh 

Shale 

Shale topography-eh 

Limestone 

Limestone-topography-eh 

-(  get-inferred ) 

1“  ask_value ) 
-(  ask_value  ] 
f  ask  value! 


A  third  prototype,  the  Terrain  Analysis  Expert-3  (TAX-3)  system  (Table  2)  was  designed  so  that  to 
represent  the  vagueness  and  imprecision  that  is  inherent  in  the  qualitative  descriptions  of  terrain  terms  by 
fuzzy  sets  (Narasimhan  and  Argiaias  1988b,  Narasimhan  and  Argialas  1989).  Fuzzy  set  approaches, 
pioneered  by  Zadeh  (1983)  provide  a  way  for  dealing  with  vague  linguistic  descriptions  such  as  "gentle 
relief",  and  "partly  dendritic,  partly  rectangular  drainage  pattern". 

A  typical  consultation  script  generated  with  the  terrain  analysis  expert  system  TAX-1  is  shown  in  Table  7. 
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Table  7 


A  typical  consultation  script  generated  with  the  terrain  analysis  expert  system 
TAX-1 .  Underscored  and  boldfaced  numbers  indicate  the  user's  certainty 
between  -3  and  3,  for  the  presence  of  the  specific  pattern-element  value  in  the 
study  area. 


Please  provide  the  following  information  about  the  site 
To  which  Physiographic-section  does  the  site  belong-? 
Cumberland-Dlateau 


Is  the  "gully-amount"  of  the  site  "none"  ?  ^3 
Is  the  "gully-amount"  of  the  site  "few"  ?  1 
Is  the  "gully-type"  of  the  site  "v-shaped"  ?  3 
Is  the  "landuse-valleys"  of  the  site  "cultivated"  ? 

Is  the  "landuse-valleys"  of  the  site  "forested"  ?  3 
Is  the  "landuse-slopes"  of  the  site  "cultivated"  ? 

Is  the  "landuse-slopes"  of  the  site  "forested"  ?  3 
Is  the  "soil-tone"  of  the  site  "medium"  ?  1 


Is  the  "soil-tone"  of  the  site  "light"  ?  0 
Is  the  "soil-tone"  of  the  site  "dark"  ?  0 


Is  the  "drainage-texture"  of  the  site  "coarse"  ?  3 
Is  the  "drainage-type"  of  the  site  "internal"  ?  ^ 

Is  the  "drainage-type"  of  the  site  "angular"  ?  2 
Is  the  "topography"  of  the  site  "steep-slopes"  ?  3 
Is  the  "gully-amount"  of  the  site  "many"  ?  ^ 

The  site  appears  to  be  “sandstone-humid” 

The  certainty  associated  with  this  result  is  “0.99” 


u®’  (1991 . 1995)  developed  a  visual  vocabulary  of  pattern-elements 

through  a  Macintosh-based  hypermedia  system  consisting  of  interlinked  definitions  graphics  and  aerial 
images  which  can  be  browsed  in  a  non-linear,  non-sequential,  user-defined  manne^and  which  can  be  ut 
simultaneously  with  an  expert  consultation  system.  The  prototype  Terrain  Visual  Vocabulary  (VVT) 
nlfnr  ^0  'delude  three  components  to  define  and  graphically  depict  landform  features'  (1) 

definitions,  (2)  diagrams  (line  drawings),  and  (3)  scanned  aerial  images.  The  system  was  built  in 
HyperCard,  the  authoring  software  environment  oi  the  Apple  Macintosh  computer  (HyperCard^ Stack 
Design  Guidelines  1989).  The  potential  of  hypermedia  for  structuring  the  relevant  knowledge  for  trainino 

in  image  interpretation  was  described  in  Argialas  and  Mintzer  (1992).  ^  ^ 


6 


2.  Problem  Identification 


The  approach  for  building  the  Terrain  Analysis  eXpert  systems  (TAX-1 , 2, 3,  4)  involved  development  of 

ccdcpfoa/izafto,  (3)  Fc,rn,al, nation,  ,4) 

Identification  pertains  to  data,  hypothesis,  goals,  and  reasoning  tasks  of  TAX. 

The  goal  of  a  typical  consulting  session  with  TAX  1.2.3 

’  “rtefphotiraVhs"'’'""'  ^  ^  slereopair  o( 

■  rp^oaSSS  eafcr,*"" 

'  iUp  Sart  sections  and  their  expected  iandform  types  were  described  with 

Sn  ‘PP  °<^,reacB  of  each  Iandform  in  the  corresponding  physiogra^lllc 

’  “s™ndSe%?aifa°n“re^^^^^^^^  know, edge-representation  process,  the  humid  and  ar« 

•  the  domain  knowledge  was  composed  of  facts  collected  from  (1)  books  (Wav  1978  Liilesand  and 

.he^aulTandt,  an 

physiographic  context,  the  regional  context,  the  geomorphic  process  and  other  information  to  arrive  at  a 
sSfwouMVe  account  the  Srm  ^<0™ 

Thp!2nm°  traditional  pattern  elements  only  hint  at  what  the  expert  perceives  (Hoffman  1 987) 
Therefore,  the  use  of  pattern  elements  as  the  means  for  identifying  the  Iandform  is  a  "zero  order 
rSK'T  work  during  Iandform  identification  and  as  such  it  is  limited  It  has 

npnpSvfn  ?  prototype  expert-systems  for  terrain  analysis.  To  build  the  next 

nfJfc  f  systems,  which  could  successfully  handle  additional  aspects  of  problem  solving  it  is 

lanSTdSirator  »»  ™re  8xplic%  represan"  MdS  S'e*  of 

Ti^  was  designed  based  on  a  Bayesian  decision  network  created  through  forward  and  backward  chaininn 
nference  engines  coupled  with  objects  or  frames.  It  will  be  unfair  though  to  assume  that  humans  think  ^ 
(only)  in  terms  of  probabilities,  certainties  or  membership  functions.  The  hiding  of  perceptual  relativitv  in 

'<=“9''  Prablem  of  perception.  The  systems  may  wS 
or  less  well)  but  in  some  sense,  it  washes  the  “meaning"  away  (Hoffman  1987).  One  has  to  uncover  the 
knowledge  hidden  beneath  the  probabilities  and  certainties  during  reasoning  and  make  that  knowledoe 
explicit  with  rules  etc.  It  is  evident  therefore  that  in  order  to  increase  the  granularity  level  of  the  ^ 
represented  knowledge  in  order  to  create  smarter  applications. 

P'^sent  research  effort.  In  the  present  effort,  TAX-4  the 
goals  of  a  typical  consulting  session  were  set  as  following; 

•  to  infer  the  Iandform  type  of  a  site  by  using  an  expanded  set  of  pattern  elements, 

•  to  infer  the  Iandform  type  of  a  site  by  using  regional  context  information. 
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•  to  infer  the  landform  type  of  site  by  using  geomorphic  process  context  in  addition  to  the  pattern 
elements, 

•  to  infer  the  physiographic  region  (province,  section)  of  a  site  by  using  physiographic  site  indicators, 

•  to  infer  more  that  one  type  of  landforms  at  any  given  consultation  session, 

•  to  perform  some  of  the  above  inferences  in  a  backward  and  forward  mode  of  reasoning,  and 

•  the  landforms  being  considered  for  the  knowledge-representation  process  are  those  that  are  common 
to  the  Basin  and  Range  Province  (alluvial  fans,  pediments,  playas,  valley  fills). 

Conceptualization  and  formalization  involve  the  representation  of  factual  and  strategic  knowledge  in 
appropriate  knowledge  structures.  In  TAX-1 , 2, 3  the  factual  and  strategic  knowledge  were  represented 
as  described  earlier  and  in  the  corresponding  papers  in  more  detail  (Argialas  1995). 

In  TAX-4,  the  present  effort,  the  conceptualization  and  formalization  schemes  involved  the  representation 
of  factual  and  strategic  knowledge  in  appropriate  knowledge  structures  as  these  are  described  in  the  next 
section. 

Conceptualization  and  formalization  of 


3.  Conceptualization  and  formalization  of  a  landform  interpretation 
knowledge  base  for  the  Terrain  Analysis  eXpert  -  4  {TAX-4) 

A  knowledge-based  expert  system  is  composed  mainly  of  an  inference  engine  and  a  knowledge-base.  The 
inference  engine  is  usually  embedded  within  the  expert  system  tool  that  is  used  for  building  the  knowledge 
base. 

A  knowledge-base  is  composed  of  data  representation  (factual  knowledge)  component  and  a  reasoning 
component.  The  data  representation  component  has  evolved  from  object-attribute-value  triplets  to  object- 
frame  representation.  The  reasoning  component  has  evolved  from  production  rules  to  integrated  rule-and- 
frame  formalisms  which  present  certain  advantages  for  knowledge  representation.  In  between,  there  are 
the  predicate  logic  systems.  Meanwhile,  reasoning  may  be  achieved  by  either  forward  chaining  rules, 
backward  chaining  rules,  or  bidirectional  rules.  In  either  case,  reasoning  is  creating  what  often  is  called  an 
inference  chain.  These  knowledge  representation  formalisms  have  been  developed  into  expert  system 
tools  (Intelligence  Compiler,  KEE,  Nexpert  Object,  CLIPS). 

The  developed  formalism  for  the  present  knowledge  representation  effort  for  landform  interpretation  relies 
on  a  rule-based  and  frame-based  formalisms,  and  consequently,  its  implementation  assumes  a  frame-  and 
rule-based  expert  system  tool,  where  rules  could  be  invoked  in  a  forward  or  backward  chaining  method. 

Such  tools  which  have  the  ability  to  support  both  a  rule-based  reasoning  system  and  an  object-oriented 
representation  are  called  hybrid  expert  system  tools.  Examples  of  the  developed  landform  representation 
formalism  will  be  given  in  such  hybrid  expert  systems  tools,  although  the  representation  is  independent  of 
any  specific  tool. 


3.1  Landform-related  object  structures 


To  represent  real  world  data  and  their  properties  (factual  knowledge)  in  an  expert  system  pertaining  to 
landform  interpretation  it  is  necessary  to  use  data  representation  structures  that  are  stored  in  the 
knowledge  base  as  class  frames,  subclass  frames,  object  frames,  subobjects  frames,  and  slots. 

3.1.1  Objects  and  suh-nhiarte. 

An  object  is  an  elementary  unit  of  description.  Anything  can  be  an  object: 
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•  Objects  represent  the  knowledge  being  reasoned  on  by  the  rules. 

•  Objects  describe  variables  in  the  knowledge  base. 

Objects  can  include  sub-objects  if  additional  levels  are  needed  to  define  unique  characteristics.  For 
example,  the  object  “Basin  and  Range  land  province”  contains  the  sub  objects  Sonoran  desert,  Salton 
Trough,  Mexican  Highland,  etc.  that  possess  characteristics  in  addition  to  those  of  the  parent  object 
(Figure  1). 


sonoran_desert 
salton_t  rough 
mexican_highland 
sacramento_section 


NAME  ;  basin_and_rangeJandjDrovince 
CLASSES  : 

landjDrovince 
SUBOBJECTS : 
great_basin 
sonoran_desert 
saltonjrough 
mexican_highland 
sacramento_section 

Figure  1.  Objects  and  subobjects  for  physiographic  provinces  and  sections 


3.1.2  Classes. 


A  class  is  a  collection  of  objects  that  usually  share  properties.  Functionally,  classes  act  as  a  template  that 
defines  the  characteristics  its  members  must  possess. 

For  the  landform  identification  problem,  it  is  appropriate  to  design  various  classes  from  which  the  landform 
instances  of  a  site  will  inherit  various  properties.  From  this  point  of  view  one  may  design  classes  for  the 
various  geomorphic  processes,  the  climate,  the  types  of  landforms,  etc.  (Figure  4  to  Figure  7). 

Objects  and  subclasses  can  obtain  their  characteristics  dynamically  from  a  particular  class  through  a 
mechanism  called  inheritance. 

3.1.3  Class-instances  (members) 

Descriptive  information  is  expressed  in  class-member  relationships  that  are  stored  in  the  knowledge  base. 
The  members  of  a  class  are  its  objects  and  are  typically  referred  to  as  "instances  of  a  class." 

Assuming  that  we  have  created  a  number  of  pertinent  classes  to  describe  landforms  and  their  associated 
concepts,  we  need  to  make  a  good  use  of  them  by  assigning  the  proper  members/instances  of  each 
class.  One  particular  use  of  the  instances  of  a  class  is  made  for  representing  the  landforms  interpreted  for 
a  site.  For  example,  when  a  new  interpretation  is  a  made  of  an  alluvia!  fan  landform,  then  that  landform  is 
made  to  be  an  instance,  designated  as  af_1 ,  of  the  class  of  alluvial  landform  landforms.  If  a  second 
alluvial  fan  landform  is  being  recognized  then  it  takes  the  designation  af_2  and  it  is  considered  an  instance 
of  the  same  class.  If  a  playa  is  recognized  then  it  is  designated  as  pl_1 ,  etc.  and  it  is  considered  a 
member  of  the  class  of  playas. 

Implicit  in  this  formalization  of  the  landform  interpretation  process,  is  that  at  any  interpretive  scenario  we 
may  need; 


•  to  recognize  more  than  one  landforms  at  a  given  time  and  also 
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•  to  be  able  to  exploit  the  spatial  relations  among  the  recognized  landforms  which  is  useful  for 
establishing  the  regional  context. 

shows  a  simple  case  of  a  superclass  “landform  generic”  that  contains  the  class  of  alluvial  fan 
which  has  been  assigned  the  instance  af1  which  was  recognized  as  an  alluvial  fan.  Obviously  the 
properties  of  landforrn^enenc  are  inherited  in  the  class  alluvial  fan,  and  the  properties  of  the  later  are 

illte^ed  iSrms  ^ 


O  landfora_9eneric 


'□  dr«n»9e_p*ttem  -  uwtnown 
•Q  Pf«*«'TC8  •  Ur*nov»fi  V 

□  topog  rephy  ■  Ortriowry^ 


Jpre^encfl  -  UhWovn 
]  tepogrephy  -  LJr*?yjwn 


dr*tw(pe.P8ttem  -  eichoton* 
num.otjterm  •  UNotow' 

•Q  pre*ence  •  ok 
Q  topography  «  plain 


Figure  2:  Dynamic  object  (afl);  instance  of  a  landform  class  created  during  the  expert  system 
consultation 


O  **»<trori\_9enerfc 


acOac«n_to  -  ^JhWwv^»^ 
<lrir«ge„ptnem  »  Unknowt 


preaenca  •  Unknown 


I  ■  Unfcn«%Ti 


Jpratenca  ■  iJntow».n 


edJacBnt_ts  •  Unttnewn 


adjactr^t.to  •  Unknown 
ar*hage_pattern  *  trtrwwn 


topography  -  unioiown 


■d>cent_to  •  ptaya 
drariage_panarn  •  Unknown 
-0  num_ofjtem»  *  2 
"Q  prewnca  *  Urttnowrt 
■'D  topography  -  Unknown 

•d.jacent.t©  ■  wluwal  fan 

-D  dranag8_pBtt«m  ■  Lhknown 
-Q  num_oOtefn*  -  2 
-Q  prawenea  •  Unknown 
topography  «  unknown 


Figure  3.  Dynamic  objects  (af_1 ,  pl_l):  instances  of  two  landform  classes  created  durinq  the  expert 
system  consultation  ^ 

_ Class-subclass  relationships  and  inheritance 

Classes  can  include  sub-classes  if  additional  leyels  are  needed  to  define  unique  characteristics  Such 
taxoncmic  information  is  expressed  as  class-subclass  relationships.  Describing  classes  throuoh 
subclasses  giyes  access  to  a  hierarchical  representation  of  objects. 

r?®  building  a  knowledge  base,  to  try  to  partition  (compartmentalize)  the  knowledge 
base  into  as  small  chunks  of  knowledge  as  possible.  This  is  true  for  both  objects  (classU)  and  rules^ 

has  been  made  to  add  geomorphic,  regional,  and  physiographic 
context  into  the  knowledge  base,  it  was  also  attempted  the  compartmentalization  of  the  pertinent  classes 
Figure  4  shows  a  hierarchical  taxonomy  of  geomorphic  processes  in  three  leyels.  The  property 
^eornorpmc  agent)  is  shown  to  be  inherited  but  with  different  yalues  for  each  geomorphic  process. 
Figure  5  shows  in  larger  font  a  segment  of  this  hierarchy.  It  should  be  emphasized  that  the  alluvial  fan 
landform  class  IS  a  subclass  of  fluvial  erosion  landforms,  with  the  value  of  agent  being  water.  Besides  the 

property  agent  there  are  other  properties  that  may  also  be  inherited  down  the  tree. 

Figure  6  shows  a  topographic  hierarchy  where  the  mountains  of  the  Basin  and  Range  Province  are  a 
kind  0!  tilted  blocks  and  the  Basin  Floor  Is  a  kind  ol  Plain,  Figure  7  is  class  hierarchroi  climate 


Q  Value 


O  climate 


cllmate_arctic 

ciimate_ari(J 

climate_desert 

climate_humid 

climate_tropical 


Figure  7.  Climatic  classes 


3.1.5  Class  and  object  properties  /slot!;} 

A  property  is  a  characteristic  which  can  be  associated  with  an  object  or  a  class.  The  characteristics  of  an 
object  are  its  properties.  A  particular  property  when  associated  with  an  object  is  called  a  slot.  A  slot  in  the 
knowledge  base  is  a  variable  written  as  ObjName.PropName  that  has  some  value.  For  example  the  slot 
landform.drainage_pattern  might  be  Unknown  or  if  Known,  dichotomic. 

Most  of  the  figures  (Figure  2  to  Figure  7)  shown  earlier  to  demonstrate  class/subclass  taxonomies 
contained  properties  attached  as  slots  from  the  objects  and  classes.  Figure  8  contains  a  very  large 
number  of  properties  for  the  object  landform  generic  (not  shown).  These  properties  are  inherited  in  the 
instances  and  subclasses  of  the  landform_generic  class. 


IiQ  geology  =  Unknown 
!□  hydrology  =  Unknown 
P  lf_drainage_pattern_texture  =  Unknown 
□  lf_drainage_pattern_type  =  Unknown 
□  lf_geomorphology_consists_of_mate rials  -  Unknown 
P  lf_geomorphology_consists_of_minerals  =  Unknown 
iQ  lf_geomorphology_controlled_by  =  Unknown 
iD  lf_geomorphology_created_by=  Unknown 
Q  lf_geomorphology_effect_of  =  Unknown 
Q  lf_geomorphology_geomorphic_origin  =  Unknown 
□  lf_gully_shape  =  Unknown 
Q  lf_land_cov«r_  whole  =  Unknown 
O  lf_iand_use_  whole  =  Unknown 
□  lf_propertles_depth_to_water_table  =  Unknown 
n  lf_propertles_drainage_condltlon  =  Unknown 
□  lf_properties_resistant_to_erosion  =  Unknown 
j\D  lf_P  rope  rties_seepage_  zones  =  Unknown 
I  j\3  lf_P  rope  rties_soiLdepth_over_bed  rock  =  Unknown 
f/p  lf_propertles_soil_permeability  =  Unknown 
id  lf-Properties_solLprofile_C_horlzon_bedrock  =  Unkno 
/P  lf_properties_soiLtype_USDA=  Unknown 
//□  l1'_properties_soiLtype_U9SS=  Unknown 
' jd  lf_properties_surface_drainage  =  Unknown 
^d  lf_P rope rties_surface_ rockiness  =  Unknown 
/d  lf_properties_surface_stoniness  =  Unknown 
/d  lf_relation_definite_indicator_of  =  Unknown 
lf_relationJs_a_cause_of  =  Unknown 
-Q  lf_relationjs_a_modification_of  =  Unknown 
''d  lf_relation_is_complimentary_to  =  Unknown 
"^d  If- relationJs_  related. to  =  Unknown 
lf_relation_is_similar_to  =  Unknown 
lf_relation_possibleJndicator_of  =  Unknown 
lf-relation_precludes  =  Unknown 
\d  If- relation,  restricts  =  Unknown 
id  lf_site_occurs_a  round  =  Unknown 
P  lf_site_occurs_at  =  Unknown 
P  lf-site_occurs_below  ==  Unknown 


Figure  8.  Partial  properties  of  the  class  landform generic 


3.2  Rule  structure  and  rule  evaluation 


To  represent  reasoning  in  an  expert  system  pertaining  to  landform  interpretation  it  is  necessary  to  use 
situation-action  statements  that  are  stored  in  the  knowledge  base  as  rules. 

A  rule  is  a  chunk  of  knowledge  representing  a  situation,  usually  an  interpretation  scenario  and  its 
immediate  consequences.  The  format  of  a  rule  is  expressed  as: 

if ...  then  ...  and  do... 

The  “if”  is  followed  by  a  set  of  conditions,  the  “then”  by  a  hypothesis  or  goal  which  becomes  true  when 
the  conditions  are  met,  and  the  “do”  by  a  set  of  actions  to  be  undertaken  as  a  result  of  a  positive 
evaluation  of  the  rule. 


Therefore,  a  rule  has  three  parts.  The  first  part,  comprised  of  one  more  If-clauses,  gives  verifiable 
conditions/evidences  that  must  apply  if  the  second  part,  comprised  of  a  hypothesis  (conclusion),  and  the 
third  part,  comprised  of  one  more  do-clauses,  are  to  be  triggered  by  the  inference  engine.  The  “if”  and  “do” 
parts  of  a  rule  may  contain  actions  the  system  initiates. 

The  hypothesis  is  the  particular  name  assigned  to  the  conclusion  of  one  or  more  rules.  For  example  the 
hypothesis  name  H_alluvial_fan_surface_morphology  is  being  assigned  to  the  rule  in  Figure  9  which  is 
used  to  identify  an  alluvial  fan  from  its  pattern  elements.  The  inference  engine  attempts  to  conclude  a 
boolean  value  for  the  rule's  hypothesis  through  the  evaluation  process.  The  outcome  of  rule  evaluation 
can  result  in  a  hypothesis  receiving  the  value  True,  or  False. 

In  Figure  9  the  list  of  tests  in  the  left  part  is  the  Left-Hand  Side  (LHS)  of  the  rule.  It  is  where  the 
conditions  are  expressed  and  tested.  In  the  same  part  there  are  a  number  of  actions  indicated  and 
preceeded  by  the  ==>  symbol.  The  Right-Hand  Side  (RHS)  of  the  rule  contains  the  hypothesis  name 
h_alluvialJan_surface_morphology  and  the  actions  previously  explained. 

When  the  rule  is  found  to  be  true,  the  RHS  actions  are  triggered.  They  are  called  actions  because  they 
induce  some  change  in  the  overall  system  or  its  environment.  Figure  10  illustrates  the  types  of  actions 
that  can  occur  when  a  rule  is  fired: 


(1)  topograpNc.fora  b 
(1)  drwrM9e^«ttem  k  *cicbotOBic* 

(1 )  drain*99.texture  b  *eo«r«o*N 
(1 )  »o<l_to(r>e  b  ntght"  n 
(1)  land.cover  b  "barren*, ”«hr(b)** 

(1)  vegetation  b  *thriAs*. barren* 

O)  b  "fan  •habad*>y^ 

(1)  •hap0_in_pian_v4aw  b  fan  ababad* 

(1 )  •hape_in_apace  b  ‘seaneconicai* 

(1 )  occurrence  b  fMtveen  mountain  range  Mgblwtd  and  broad  IrvyA 
(1 )  >andfDrm_to_bordering_on_tt«_Mgber_«ida.to  b  ^igMand  mbyA 
(1)  landfDrBi_H_bordering_on_rtt_loiver_aede_to  b  *broad_lo«l«^v^ 

(1 )  locatk)n_of_apex_or_fan  b  ‘on  conatrictad  va(tey_of  ^ 

Tea  Cl)  '**<ey-deboLeicea_fToai_Ji*ahland_inio_a_relaflveiy_broasy'^ 

(1 )  Iocatton_of_fan_*haped_outlbte  b  "along  the  broad_basbt 
(1 )  iocatad.at  b  "upparmoat  piedmont  aiopa^of_Biountab)_frant\ 

(1 )  topographtc^araal.extent  b  from  leaa  than  1  ag  ml  to  mo  rev 
(1)  lopographlc_th*ckr»aa  b  “up  to  hundreda  of  foot* 

(1)  daaply_cut_by  b  •aomo  or  nuaerout  probirMni  fwihead  tra 

(1)  doaely^dmaectoajjy  b  "onfw.dramgewaya*  s 

■>Wnto  *thM„ia_the_rooutt_of_dpa_«rtte“ 

->Lat  (1)  a»n4al_fofi_ltho»ogy  *mo«mtobt  rmaga  bedrock  ttholo 
->Lct  (1)  aol_texture_of_v»per_tlQpca  "coorae* 

«>Let  (1)  »at.tcxturc_of_toc»lopcs  "fine" 


-(1)  H.al(rdat_fan_favorabie_aurface .morphology 


Figure  9.  The  components  of  a  rule  for  the  hypothesis  H_alluvial_faforable_surface_morphology 


1  4 


■a 


LIVT  OF  RULES 
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Rule  15 


If  Execute  'Message"(@STRING-"@TEXT-l  am  trying  to  establish  the  hypothesis  of  alluvial  fan, 
/4/7£/Execute  ''Message"(@STRING="@TEXT=Now  entering  rule  alluvial  fan,@0K";) 

topography  is  “plain" 

-4/7!? drainage_pattem  is  "dichotomic" 

Then  h_olluuial_fan 
is  confirmed. 

-4/7£?Create  Object  afl  lalluviaLfanI 
/4/7tfaf1. topography  is  set  to  "plain" 
xl/7i?af  1.drainage_pattern  is  set  to  "dichotomic" 

/4/ri?af1. presence  is  set  to  "ok" 

/4/7i?Reset  topography 
7|l/7i?Reset  drainage_pattern 


Figure  10.  Possible  actions  initiated  in  rule  evaluation:  creation  of  an  alluvial  fan  instance  of  the  class  of 
alluvial  fans  and  allocation  of  values  to  its  slots,  based  on  user  input.  Resetting  is  a 
house  cleaning  routine. 


3.2. 1  Single  rule  evaluation  (backward  and  forward) 

The  building-block  of  the  most  complex  reasoning  path  is  a  single  rule.  All  expert  system  tools  process  a 
single  rule  at  a  time. 

Rules  can  be  structured  to  perform  backward  or  fonward  chaining  or  both  along  reasoning  paths.  In 
backward  chaining,  a  rule  can  be  used  to  verify  a  condition  in  another  rule.  In  forward  chaining,  a  rule  can 
trigger  the  activation  or  the  evaluation  of  other  rules.  Some  expert  system  tools  provide  mechanisms  for 
only  forward  or  only  backward  chaining,  others  provide  for  both,  and  yet  others  provide  for  the  use  of  the 
same  rule  in  a  forward  or  backward  chaining  mode.  In  the  last  case,  rule  evaluation  is  bi-directional,  that  is 
the  system  can  either  prove  the  hypothesis  (goal-driven)  or  draw  conclusions  from  the  conditions  (data- 
driven). 

In  the  following,  examples  are  provided  of  the  type  of  backward,  forward,  and  mixed  chaining  required  for 
representing  the  reasoning  path  for  landform  interpretation. 

It  should  be  also  stressed  that  besides  the  choice  for  forward  and  backward  chaining,  there  is  an  issue  of 
forward  and  backward  reasoning.  Forward  reasoning  implies  starting  from  what  it  is  known  and  trying  to 
prove  the  unknown  hypotheses.  Backward  reasoning  implies  starting  from  what  needs  to  be  proved  and 
request  the  pertinent  data  to  prove  it.  Backward  reasoning  can  be  implemented  in  a  forward  or  backward 
chaining  mode.  Forward  reasoning  can  be  also  implemented  in  a  forward  or  backward  chaining  mode. 
Therefore,  the  mode  of  reasoning  is  not  bounded  by  the  mode  of  chaining  available  in  the  tool,  however,  it 
is  greatly  facilitated  by  the  availability  of  both  methods  of  rule  execution. 

Assuming  that  the  value  of  a  slot  involved  in  one  of  the  rule's  conditions  is  known,  by  an  action  of  a  user 
volunteering  (giving)  the  value  of  that  property,  the  rule,  as  a  chunk  of  knowledge,  will  become  relevant 
and  the  system  can  use  this  rule  to  try  to  prove  or  disprove  the  hypothesis  and  make  further  inferences. 
This  procedure  of  starting  with  data  to  evaluate  rule  conditions  is  called  forward  chaining. 


3.2.2  Multiple  rule  evaluation  by  backward  chaining  on  an  unevaluated  hypothesis 


Since  a  hypothesis  has  a  value,  it  can  appear  in  the  LHS  of  a  rule  as  a  condition  the  system  \will  verify. 
Figure  12  shows  this  situation  where  a  rule  whose  hypothesis  is  “presence  of  rockfall"  has  an 
unevaluated  condition  which  is  itself  another  hypothesis  “erosion_at_the_base_of_slope”  that  requires 
verification  in  order  for  the  system  to  evaluate  the  “presence  of  rockfall”  to  "true."  As  a  subtask  in  the 
evaluation  of  “presence  of  rockfall”,  the  system  will  try  to  verify  whether  erosion_at_the_base_of_slope  is 
true  and  must  find  one  or  more  rules  with  erosion_at_the_base_of_slope  as  the  hypothesis.  At  this  point, 
the  system  needs  to  evaluate  the  conditions  in  the  LHS  of  the  rule  leading  to 
erosion_at_the_base_of_slope. 
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Yes  parent_materialjs_v*el(_jointed_or_?v 

_  Yes  $teep_slopes  T^-^rockfalLruP- 

Yes  river_bank  Vv  _  n  /  ‘ 

_  '>erosion_1.  f - Yeserosion_at_the_base_of_slope  V' 

Yes  undermiring_of_a_river_bank_by_st 

Yes  loose_granular_material  _ 

'  Ndebri$_faH.?- 


Yes  steep_slopes  7 


Yet  perent_m«teri>l_»_\wlljointed_or_'Pv 

Ye*  »teep_iiope»  ^-^rockfaLru^v 
- Yc»  ero*ion^at^the_ba*e^oOlope 

Yea  too»e_gr8rKier_m8terlal  ?v 

^  >dcbr»_ral.9- 

Ye»  tteep.atope* 


*^Ye«  pre»ence_of_rock_f8l  ^ - r.1  67  ‘P'- 

-Ye*pre*pncc_of_debr»_r8l  9 - f.l66  9- 


-h_>endrtde  9 


Figure  12.  Hypothesis  as  a  condition 
3.2.3  Multiple  rule  evaluation  bv  backward  chaining  through  AND/OR  tree 

The  structure  shown  in  Figure  13  represents  a  typical  AND/OR  rule  diagram  wherein  multiple  rules  share 
the  same  hypothesis.  The  first  tier  from  the  hypothesis  is  always  an  "or"  decision  while  the  second  tier  is 
an  "and"  decision.  This  arrangement  of  rules  is  expandable  and  may  be  used  repeatedly  at  many  levels  of 
depth  and  can  involve  many  rules  as  shown  in  Figure  14. 

In  the  above  cases,  there  might  be  conflicts  between  rules  because  more  than  one  rule  may  lead  to  a 
single  hypothesis.  There  are  special  mechanisms,  called  conflict  resolution  strategies  in  expert  system 
tools  to  help  us  deal  efficiently  with  such  conflicts  in  a  user-defined  fashion. 


Yes  parert.m8tcriaLI$_wel_Jorited_or_9 


-Yet  crotion_et_the_ba$e. 


onxea_or_  rv 

^ep.ilope*  9-4 

!_of_slope  9' 


rockfall_ru9'* 


Ye*  loote.granul^f.meterlal  9v 

^  >debris_fal.9- 

Yes  treep.iiopet 


"^Yes  pretcnce_of_roc*_fall  9 - r.1  67  9- 

— Yes presencc_ot_<aebnt_tBll  9 - r.1  66  9- 


-‘h_lBne*slrde  9 


Figure  13.  Typical  AND/OR  rule  diagram  generated  by  the  hypothesis  hjandslide 


Figure  14.  Backward  chaining  with  multiple  hypothesis 


4.  Additional  types  of  rules  and  inference  paths  required  for 
expanding  the  previous  approaches 

In  the  present  conceptualization  and  formalization  effort  for  a  proper  representation  of  the  landform 
interpretation  reasoning,  it  is  postulated  the  use  of  the  following  types  of  rules. 

4.1  Rules  which  pertain  to  the  interpretation  of 

I  a  n  d  f  0  r  m  s  from  their  pattern  elements. _ 


These  rules  may  be  activated  in  a  backward  mode  when  the  user  wishes  to  suggest  a  possible  landform 
hypothesis  to  be  investigated  or  in  a  forward  mode  when  the  user,  having  no  idea  about  the  presence  of  a 
certain  landform  hypothesis,  wishes  to  be  prompted  and  to  provide  pattern  element  values  of  a  site  which 
may  eventually  lead  to  a  landform  hypothesis.  For  example,  in  Figure  9  the  indicated  rule  ‘'H_alluvial  fan 
surface  morphology”  can  be  suggested  for  evaluation  by  this  or  similar  rules,  or  the  user  may  volunteer 
the  value  of  any  of  the  pattern  elements  appearing  in  the  left  part  of  the  rule,  an  action  which  will  activate 
the  rest  of  the  pattern  elements  for  competing  the  rule  evaluation  in  a  forward  manner. 

4.2_ Rules  which  pertain  to  the  interpretation  of 
_ landforms  from  their  g  e  o  m  o  r  p  h  o  I  o  g  i  c  indicators _ 

These  rules  may  be  activated  in  a  backward  mode  when  the  user  wishes  to  suggest  a  possible  landform 
hypothesis  to  be  investigated  or  in  a  forward  mode  when  the  user,  having  no  idea  about  the  presence  of  a 
certain  landform  geomorphic  hypothesis,  wishes  to  provide  geomorphic  indicators  of  a  site  which 
may  eventually  lead  to  a  landform  hypothesis  (Figure  15). 


IF 

Is 

composed_of 

"crudely_sorted_and_stratified_alluvium_with_or_without_d 

ebris_flow_deposits" 

Yes 

downslope_location 

Is 

current_hypothesis 

''fan_geomorphology" 

THEN 

true 

H_alluvialJan_favorable_geomorphic__process 

fe*  iconstructional_landfDrml^\ 
composed.of  k  ''crudel)r_sorted_and_stratified_ailuMUB_\y's. 

Tm  downalokd-loctttOA 
current.hypothesia  k  •fifi_geo«orpkology* 


r.129sy- 


-Yei  H_afcAiBLf8n^favor8bl«_geomorphic_proceii  'P* 


r  132  9^ 

Tea  H_elluviai_fin_fevoraMe_turface_morphoh>9y  ^ - r.1 31  v/- 


Figure  15.  Simplified  geomorphic  origin  rule  (backward  and  forward) 


4.3  Rules  which  pertain  to  the  interpretation  of 
I  a  n  d  forms  from  their  regional  context. _ 


The  use  of  regional  context  may  have  various  intentions.  In  this  formalization  of  regional  context,  when 
any  two  landforms  are  found,  the  system  checks  their  spatial  proximity.  The  reason  being  that  certain 
landforms  are  known  to  be  adjacent  to  certain  other  landforms,  e.g.  floodplain  to  terrace,  playa  to  valley  fill, 
valley  fill  to  alluvial  fan,  alluvial  fan  to  alluvial  fan  (bahada),  alluvial  fan  to  pediment.  Only  when  the  regional 
context  rules  find  two  legitimate  landforms  next  to  each  other,  they  prove  the  hypothesis  of  an  adjacency 
of  those  landforms.  Adjacencies  not  known  to  the  system  should  not  be  permitted,  implying  that  the 
system  must  prompt  the  user  for  this  “inconsistency"  so  that  he  could  check  the  situation  and  perhaps 
run  the  system  again. 

The  following  example  (Figure  16)  shows  that  rule  2,  which  is  activated  when  the  number  of  landforms 


19 


found  to  belong  in  the  alluvial  fan  and  the  playa  classes  are  each  greater  than  one,  examines  if  the 
interpreted  alluvial  fan  object  is  next  to  a  playa  object  and  vice  versa.  The  hypothesis  “adjacency  of  alluvial 
fan  to  playa  is  suggested  by  the  user  for  backward  evaluation  in  Figure  17.  Upon  that  suggestion,  the 
system  is  prompting  the  user  to  provide  his  interpretation  about  the  proximity  of  the  various  landforms 
(Figure  18,  Figure  19).  Upon  obtaining  satisfactory  answers  about  the  proximity  of  the  said  landforms 
the  system  is  setting  the  unknown  values  of  the  “adjacent  to”  slot  for  both  landform  instances 
gf  1=aliuvial  fan  and  pL1=playa)  to  their  verified  values  “playa”  and  “alluvial  fan”  correspondingly  (Figure 


in  Figure  21  it  is  shown  the  rule  adjacency  of  alluvial  fan  to  playa”  being  invoked  by  the  context 
mechanism  linked  to  the  Basin  and  Range  physiographic  rule.  This  is  but  one  reasoning  scenario,  there 
are  alternative  methods  for  invoking  this  regional  context  rule.  The  context  mechanism  is  a  weak  link 
which  connects  the  two  knowledge  islands. 


Rule  2 

If  <lalluviaLf anl>.num_of_items  is  greater  than  1 
/l/7c/<lalluviaLfanl>.adjacent_to  is  "playa" 
/l/7c^<lplayal>.num_of_items  is  greater  than  1 
>^/7c^<lplayal>.adjacent_to  is  "alluvial  fan" 

r/7e/?adjacency_of_alluuial_fan_to_playa 

is  confirmed. 

Figure  16.  Simplified  regional  context  rule  concerning  two  landform  types 
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OK  &  Knoiucess 
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Figure  17.  The  user  is  suggesting  certain  hypothesis  to  investigate  including  the  one  for  the  check  of 

adjacency  between  landforms 
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Figure  18.  The  user  provides  input  as  to  which  landform  is  next  to  another  landform:  playa  is  next 

alluvial  fan 


SESSION  CONTROL 


I5J 


U/hat  i$  the  adjacent_to  of  pl_l  ? 


•djicant.to  ■  Unfcnonn 

•  uwo^own 

—  B  EM«_»f-H«fT«  «  1 

prsawca  •  LHgw^rt 
■^Q  tapogrpp^y  >  ummo'^r 


-/■B 

a-Mxn-MniTTY « 

— Q  n«j»n_of_ft»n«  -  2 
"Q  P'^*«r«ea  -  Ur«ie>»n 


xQ  •djBCent.te  •  Ur*ry>w^ 

'■  rimiMJaSlffZLS^EIl 
-Q  num^cf  jtem*  «  2 
■Q  pretones  •  IMtno'an 
'■  ltttgcjBby.iLAkiEi 

'D  •djaearit^to  •  IWtnow* 

-O  dranega.p^Ttern  •  UNffio>»n 
•Q  num_ef_rt«n»  -  1 
•□pretiftce*  UNusown 
□  tcjpegrpp^y  «  urMnevn 


/Q  •fi>*cant^T©  -  playp 
-*'n^f»«9®_P*ft8rpi  •  UW©v»n 
— O  num_of_item*  •  2 
P^sterce  -  Urfcn©^*n 
"^Q  topography  -  Urtnoan 

•d>icent_t0  •  flfiuv*aLi^ 
drphipe_p*ttem  »  Unteiown 

— □  nw(n_a'’«;tafT<i  ■  2 

•^Q  preamre  =  LWcnown 
''D  topogrpsdiy  ■  iJWronn 


Figure  20.  The  adjacency  rule  has  been  proved  and  the  slot  adjacencyjo  of  all  interpreted  landforms 

have  taken  the  proper  value 


EMPCUtP  ■NPisaga* 

(1)  liri.topognphy  E^ts^A 
(1)  lifl.dniinpge.pittesyA 
-»‘Cr»itpObjPct  ■af_'\\/4[l] 

->0«  faKuvlaLfanl.nups^'^  \ 

“>Reset  (1 )  tlfl.topog\/y 
->Ristt  O)  im.dralnjN/ 

[1]  h_ba«lB_and_rangsy--^ 

Eaacuta  'Mesaags* 

(1)  llfl. topography  Eqis/A 
(1)  llfl.dralnage.patte^A 
->^Cr«ataObjact  'pl_'\K/"4[  1  ]  r.6»^~ 
*»-Do  lplayaKnum_of_ky'^ 
a=>Rosat  (1 )  lin.topog^y 
-►Rtaat  (I)  iifi.dralftasV  '' 


[1]  adJacenqf_of_allu\y,  ^ 
[1]  h_baalh_and_ran9>^'’ 


^[1]  h_aU«vlal_fan>^^ 

- ^[tj  rupiaya^-''. 

Exacuta  ■Mtasaga* 

Vea  (1)  many_mQuntaisy-4[l]  r.4s^[l]  h_ba5tn_and_rangv^ 
Yaa  (1)  mara_or_lias.>^/ 

<lalluviaL_faflk>.nam_es/> 

<iailuviaLfant>.adJacas/> 

<lplayal>.naiti_of_iter\/' 

«!play8l».adj8C6fit_to>y'' 


•[1]  r.2^^[l]  adJacaacy_of_allusy 


Figure  21.  The  rule  of  adjacency  is  connected  here  by  a  context  (weak)  link  with  the  rules  concerning 
pattern  elements  and  physiographic  analysis 


Rules  which  pertain  to  the  interpretation  of 
physiographic  regions  (provinces,  sections)  from 
their  indicators. 


The  use  of  physiographic  context  may  have  various  intentions,  in  this  formalization  of  physiographic 
context,  the  user  is  able  to  perform  physiographic  region  analysis  in  two  methods. 

In  the  first,  the  user  can  suggest  a  physiographic  region  hypothesis  and  in  this  case  the  system  will 
prompt  him  for  the  physiographic  indicators  so  that  to  prove  or  to  disprove  the  set  hypothesis. 

P'"'®'.  so  that  to  suggest  the  investigation  of  a  specific  physiographic  region 

hypothesis,  then  the  physiographic  analysis  rules  will  request  the  user  for  the  needed  physiographic 
indicators  so  that  to  search  the  knowledge  base  for  a  match  with  any  of  the  available  physiographic 
f  ©Q 10  ns . 

Figure  22  shows  a  simple  rule  for  the  hypothesis  of  Basin  and  Range  with  only  two  evidences  This  rule 
may  work  in  a  backward  or  forward  fashion. 
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In  the  second  method,  upon  performing  the  physiographic  analysis  explained  above,  the  system  guides 
the  user  to  interpret  the  physiographic  parts  of  a  physiographic  region  and  subsequently  the  landforms 
that  may  be  found  there.  For  example  in  the  case  of  the  Basin  and  Range  province,  the  user  is  guided  to 
decide  betv\/een  (Figure  23,  Figure  24,  Figure  25) 

•  the  piedmont  landforms 

•  the  basin  floor  landforms,  and 

•  the  mountains  of  the  range  landforms. 

Upon  the  user  selection  of  a  piedmont  landform,  the  user  is  guided  for  the  landforms  of  the  piedmont, 
e.g.,  alluvial  fan,  pediment,  etc. 

The  above  process  may  work  in  a  forward  fashion  as  well.  That  is,  upon  proving  the  hypothesis  of  an 
alluvial  fan  landform,  the  user  is  guided  into  the  hypothesis  of  a  piedmont,  and  subsequently  to  that  of  the 
Basin  and  Range  physiographic  province. 


□  LIST  OF  RULES 


Rule  16 

If  Execute  "Message"(@STRING-"@TEXT=l  am  trying  to  establish  the  hypothesis  of  Basin  and  F 
4/7tf  there  is  evidence  of  many_mountain_ranges 

there  is  evidence  of  more_or_less_parallel_mountain_ranges 
Then  h_basin_and_range 
is  confirmed. 

Figure  22:  Simplified  rule  for  physiographic  region  identification 


Ye*  0)  H_fan«pie*wnt_coate*cant_aluv«Lft^ - [1 1  r.Sfl 

Ye*  (1)  H_alluMal_fan_t8wrabie_terra(n  ^ - [1]  r.37 


[1  ]  H^bo*in_erd_rer>ge_lar»dfor(r  ^ 


>Ye*  (1)  H_ptedmort_»tope_lanrffbrTn  ^ ^ 

Ye*  0)  ►f-rock_pe<*mert_f«vofebie_tcfr«n  — (l]f.39  (1)  H^mo\ait»^0nd_range_f8vofablc_ter^ - [1]r.12  ? 

Ye*  (1)  M_atius4al_ftet_tivorette_t®rrein  — {T)r.16  ?  H_ba»n_floor_lendforTn  ? 

Te*  (1)  Njsl*y«_t*vor«we_terrain  (1  ]  f.1 7 


Figure  23.  A  partial  reasoning  path  connecting  the  hypothesis  of  the  Basin  and  Range  province  and 

the  alluvial  fan  landform 
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Figure  24.  A  partial  reasoning  path  connecting  the  hypothesis  of  the  Basin  and  Range  province  and 

the  piedmont  landforms 


Figure  25.  A  partial  reasoning  path  connecting  the  hypothesis  of  the  basinjioorjandforms, 

piedmont_landfroms,  and  mountain_and_range  landforms  with  a  variety  of  landforms 
expected  in  the  Basin  and  Range  province 


4.5  Rules  which  pertain  to  the  interpretation  of 

landforms  from  a  combined  evidence  of  pattern 
elements,  geomorphic  origin,  regional  context,  and 
_ physiographic  context.  _ 

While  a  landform  hypothesis  (e.g.,  alluvial  fan)  may  be  true  because  of  the  pattern  element  rule,  it  may  not 
be  true  from  the  geomorphic,  physiographic,  or  regional  rules.  The  following  type  of  rule  (Figure  26)  aims 
at  grouping  these  partial  evidences  for  a  landform  into  a  more  integrated  evidence. 

Figure  27  shows  how,  in  a  backward  or  forward  reasoning  mode,  the  system  is  using  two  different  rules 
for  proving  or  disproving  of  the  hypotheses: 
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•  H_alluvial  fan  favorable  surface  morphology,  and 

•  H_alluvial  fan  favorable  regional  environment 

Subsequently,  these  are  combined  in  the  hypothesis  “H_alluvial  fan  favorable  terrain”  {Figure  26). 


If 

terrain  is  a  member  of  |landform| 

And  there  is  evidence  of  H_alluvial_fan_favorable_climate 

And  there  is  evidence  of  H_alluviaLfan_favorable_physiographic_section 

And  there  is  evidence  of  H_a!luvial_fan_favorablej3attern_elements 

And  there  is  evidence  of  H_alluvial_fan_favorable_surface_morphology 

And  there  is  evidence  of  H_alluvial_fan_favorabie_site 

And  there  is  evidence  of  H_alluvial_fan_favorabie_association 

And  there  is  evidence  of  H_alluvial_fan_favorable_geomorphicjDrocess 

And  there  is  evidence  of  H_alluvial_fan_favorable_regional_environment 

Then  H_alluvial_fan_favorable_terrain  is  confirmed. _ 


_  terrain  Mertrber  landforral 

“  Ye*  (1)  M_alluwaLtan_favorable_cliiTiate  ^0 
Yes  (1)  H_allu'aaLfan_faw)rable_physiographic_section 
Yes  (1)  H_alluviaLtan_favorable_pattern_element$ 

- Yes  (1)  H_alluyial_fan_faw3rable_surface_morphology  'p'y 

Yes  (1 )  H.aUuvsaLfan-fawtable.site  ?  s 
Yes  (1)  H_alluviaLtan_fa«>rable_association  “P- 
Yes  (1)  H_alluMal_fan_favorable_geomorphic_proces$  "p' 
Yes  (1)  H_allu\ial_fan_favorable„reg!onaLen\ironment 
->Re$et  (1)  H_playa_tavorable_terrain 
=>Let  (1)  current.hypothesis  "H_playa_fa\prable_terrain" 
“>let  (1)  current_hypothcsis  "const raints  messages  of  eituvial 
=>Let  [1)  current_hypothesis  "engineering  properties  of  alluvia?'^ 
|=>Let  (1)  current, task  "engineering  applicaiion"  ' 


J[13r.8 


Yes  (1)  H_fan_pie(*nont_coale$cent_alluviaLfan_favorable_te  ?■ 

- Yes  (1)  H_8lluviaLfan_faNOrable_terrain  'p 

Yes  (1)  H_rock_pediment_favorable_ terrain  ?■ 
Yes  (1)  H_alluviai_tlat_fa«3rable_terrain  *?. 
Yes  (1)  H_playa_fawrable_ terrain  '?■ 


Figure  26.  An  evidence  combining  rule  for  the  alluvial  fan  favorable  terrain 
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(1)  topograprtc_ferm  b  *plein*  ^ 
(1)  dr8in«9e_p*nem  b  ‘cbchotOTOc"  'P 
(1)  dreirHsge_tcxtvire  b  'coarie* 

0)  'p. 

(1)  lana.cty^er  b  ‘bbrren*,'t«fu©i*  'P, 
(1)  'i^getstwn  b  •■hnAt'.Tsarren" 

(1)  •peciei  b  "fen  ihaped"  ?, 
0)  »hape_in_p*an_’«w  b  ‘fen  ihaped* 

(1 )  ih8pe_in_*pac«  b  'lemicontcal*  'P, 
(1 )  occurrence  b  “betM^en  ma^tari  range  highland  and  broed  towand  bain'  'p^ 
(1)  Iandform_ii_boraering_on_iti_hi5^f_iide_to  b  liig^band  mountain  ran9'p> 
Cl)  tandfDrTn_ii_bordering_on_rt*_tovwf_iide_to  b  ^road.tox^and  bain" 

(1)  locat>or_of_apex_of_fan  b  ’on  comtncted  va«ey_of  mount8tni*9- 

Yei  0) 'fltey_debouncei_from_h^jh*and_into_a_reteti>eJy_broad_IONvland  'p' 
Cl )  location_or.fan_ihaped_oudhe  b  "btong  the  bro6d_beiin  lowlend'  9^ 

fl)  iocated.at  b  ''i^spermoet  piedmont  tlope_of_i«xnt8in_front*  9^ 
(1)  topographic^BreaLextent  b  *fromle*i  than  )  iq rn  to  more  than  A0vnn'?i 
Cl )  topographic_m«:t(neii  b  to  huidred*  of  feet*  '?>j 
Cl )  deepfy_cut_by  b  "tome  or  nLineraui  pronment  fanhead  trenchei  iiiuing  'P^ 
(1 )  do*e*y_tf»iected_by  b  "onfBn_drBin8gcwByi'  9  ^ 
■>Write  "thn_«_the_rebiit_of_dpa_write“  9j 
*>Let  (1 )  ailuvi8Lfan_ltho*ogy  ’‘mountain  range  bedrock  lithology*  'pi 
->Let  C1)»oi-textufe_of_i#)per_i*opei  -coane*  9? 
->Let  (1)  toii_texture_of_toe*k)pei  “fine*  'P' 

Vei  (1)  feonitructionaijandforml  'P-^ 

0 )  comp<Med_of  b  "'«riouiiy_torTed_and_itratified_aliMLm_>Mth_or_>vnh(9s 

(1)  cret8ted_by_9eomorphic_proce*#_of  b  "depoiitton"  ?  — 
«>let  (1)  current.hypotheiii  ‘H_p«ednort_landform*  9'' 
->Let  (l)ajrrent_h>pothejis  "H.basr^floorjandform'  9*^ 


terram  Member  Uartdforml 

Yei  (1)  H_afcrviai_far_favor8bie_c*Tiate 
te*  (1)  H_Bfc/*ial_fari_fB^ralBte_phyi»ogrBeh»c_iection 
Ye*  Cl)  ^^-®*^*J'^®L^n_favefab*e_eattern_eiefT>enti 
Ye#  (1)  h_8(luviaLfan_fa'«ratote_*irf8ce_morphotogy 
Yei  (1)  H_akjMa(_f8n_fa’^rab*e_irte 
Ye*  (1)  H_allu\iai_/an__favi3rab{e.astocjat)on  9 
/Ye*  (1)  H_aluvial_fan_favorafe*e_geomorphic_pro««  9 
/  Ye»  (1)  ^**^'^«Lfan_f8>«rable_regionai_environfnent  9 
/  ■>flBiet  (1)  H_jDtey8_fB\orabte_terrain  9' 

/->Let  fl)current_hypotheiii  'Hjteya.favorabJe.terrMi"  'P 
•>Let  (1J  cuyent.hypotheiii  ‘conitrainti  message*  of  alluMai  fan  favor^  9' 
->let  (l)^rrent_hypothe*ii  'engineering  properties  of  alluvial  fan  favcr^9' 
/  “>Let  (1)  current^taifc  ‘engneenng  applcastion*  9' 


Figure  27.  The  alluvial  fan  landform  is  being  inferred  from  surface  morphology  (pattern  elements)  and 

geomorphic  indicators 


o  o-c-(S-6-  (S- 


5. 


Additional  examples  of  rules  and  reasoning  paths 


5.1  Example  1 


These  rules  (Figure  28),  reflecting  landform  identification  by  pattern  elements,  adjacency  rules,  and 
physiographic  context  are  reasoning  backward  by  suggesting  each  hypothesis,  or  forward  by  volunteering 
the  current  task  -being  pattern  element,  geomorphic  origin,  or  physiographic  context. 


Execute  'Message*  l*STRIIs^>^ 
Tes  (1)  current_task_rc 
<lalUreal_fanl>  .num_of_iti^v 
<lalluv<al_fanl>  .adjacent_\/-' 
<lplay»l>.nutB_of_items  > 
<iplayal>.adjacent_to  Is  '\J' 


^[1]  r.1  sj — [1]  adjacency_or_aituvial.\y 


Execute  'Message*  •STRUs^s,^ 
Tes  (1 )  current_task_phy\yv 
Tes  (1)  many_mountain_rK^'' 
Tes  (1)  more_or_less_parN^'^ 


^[1  ]  r.3  \J - [1  ]  h_basin_and_ range  \J 


Execute  'Message*  ©STRIsyi 
Tes  (1)  current_tasl(_lfpeN,/\^ 
(1)  Ilf  (.topography  Equal  \J\ 
(1)  llfl.drainage_pattern 
”>CreateObject  ■pl_’\lpla\^-' 
«>Do  lplayal.num_of_item^y/ 
=>Reset  (1)  llfl.topograph^'y 
oHeset  (1)  llrl.drainage_^^' 


jrnr.ssy- 


Execute  "Message"  @STRING»"? 

(1)  llfl.topography  Is  “plain"  ? 
(1)  llfl.drainage.panern  Is  “noi? 


n]r.4 


? 


[1]h_playa>y 


[1  ]  h_dummy_1  7 


Execute  'Message*  0STRls/i 
Tes  (1 )  current_task_lfpe\/v^ 
(1)  llfl.topography  Equal 
(1)  llfl.drainage.pattern 
=>CreateObject  ■af_'\lalli\/-' 
“>Dd  lalluvial_fanl.nuin_or\y'^ 
=>Reset  (1)  llfl.topographs^^ 
->neset  O)  Ilfl.drainage_p«,/' 


|[11r.2v>'- 


-[1  ]  h_alluvial_fan  'sJ 


Figure  28.  Rules  reflecting  landform  identification  by  pattern  elements,  adjacency  rules,  and 
physiographic  context  (backward  or  forward) 


5.2  Example  2 


(1)  te^ograpMc.form  to  *plair)*sy. 
(1)  dralMQe.toattern  to  'dictootonk:* 

(1)  dr«lM9e.ttxtur«  to  *co«r»o”'>^j 
C1)  lot^tone  to  night* 

(1)  kind_cover  to  *b«rren*,*itirLte* 

(1)  i««9etatloo  to  *thri^*/tarren*  \/\n 
(1)  tfieciai  to  *fan  shaped” 

(1)  ^apa_ln_ptan_vlew  to  *fan  shaped* 

(1 )  shape _in_spac*  to  *seaiconi«t* 

(1)  occurrence  to  "between  laounteln  range  highland  and  broad  W\,yA 
(1)  landfDm_is_bordering.on.its.h19her_stde.to  to  "highlartd  <a*s^N^ 
(1)  larvdfom_to_bardertoig_ofl_lta_iowar_alda_to  to  •broad.towify/-^ 
(l)ioc«tion_of_spex_of_fan  •  *on constricted Naley.ofhighiend mouitars'G)-^ 
Yes  (Y)valoy_debo«jnc*«_from.h*griarOnto.a_re*ativ«(yJ)road_tov4and 
(1)  location. of. fan.stiaped.outlne  b  ’dong  the  broedjsesr  towtend* 

0)  loceted.at  b  'upp®rrroftpl©drr»ntetope.or_fnountB‘ru’'ront'  'p'/ 
(1)  topogripnrc_srB*»_extont  b  "from  toss  than  1  sq  m  to  more  than  40sq  e?y/ 
Cl)  topographic.thickhest  b  to  htJidred*  of  feet*  ^'Ik 
(1)  deepty.cxJt.by  b  ’’•one  or  numerous  prombwnt  fanheed  trenches  issuing 
f1)  dotefy_dtoiected_by  k  •onfan.drariegeumys* 

=>Wr;te  "this_k_the_reMit_of_ct5a_wrtte'  'p^ 
■>Let  (1 )  eHuMBl.fBrtJithology  *iflotJittr  range  bedrock  lithology’  'p^ 
■>Let  C1)sol_texture_of_upper_»kDpes  ‘'coarse* 

=>Let  (1)soi.texture_of_toeiloDes  “ftie* 


— SCSSION  CONTROL 
li^hat  Is  the  Uaiue  of  locatlon.of^apeK_of^fan  ' 


j  on  constricted  valiey.of  highland  mountains 


"•£1)JJ_  atoivid-  fan  _  favorebSe,  surface  _i 


Figure  29.  The  user  is  answering  the  queries  of  the  system,  providing  each  pattern  element  value 


(1)  topegrephic.fDrM  to  *ptairt">^i 
(1)  draina9«.patt6m  to  ‘^hotouic*^ 
(1)  draciage.texture  to  "coarse* 

(1 )  eolL. torse  to  ni^t* 

(1 )  land_coinr  to  *barren*, “shrubs* 

(1)  vsegetation  to  *shrubs“, barren* 

(1 )  apscM  to  “fan  shapad“ 

(1)  Bhape_b)^lan_vlew  to  “fan  shaped* 

(1)  shape_in_space  to  ’sesnsconical* 

(1)  occurrence  to  ^twean  reountain  rarsge  highiend  and  broad  In^vVl 
(1)  landfDrai_k_borderirsg_on_hs_hi9har_slde_to  to  “hlgMarsd 
(1)  landforBi_is_bordenn9_on_its_loipef_8aie_TO  to  "broad.loalfsy^ 
Cl)  locatk)n_of_apQJi_or_ran  Is  'on  constrkctad  valiey.er  Mghians^'^ 
Te*  f!)  valley.defaotw ces.fr oas.hlghland_lhto.a_felabvely_broasn/''yJ 
(1)  locatk)n_of_fan_shaped_outtlne  to  "along  the  broad.basbn 
(1)  located_at  to  “upperaiost  pledaiont  slope_of_Mountaln_frontv^/j 
(1)  topographlc.areal.axtent  to  “from  leas  than  1  eg  nl  to  teores^^ 
(1)  topogfephlc.tWcfcftoaa  to  “up  to  hundreds  of  t»of\/3 
n )  deeply_cut_by  to  "eoae  or  nuaeroua  proairtent  fanhead  trerrs^  1 
(1)  ciosery.dHsected_by  to  'onfen.draerageways* 
»>Write  ”thia_ia_che_feeult_of.dpa_wrTte” 

«>Lat  (1)  adirkal.fton.lthoiogy  "nountain  range  bodrocfc  tthologs^ 

■>Lct  (1)  eol.tezture.of.upper.riapes  “coarse*v^ 
*>Lct  Cl)  soi_texture_of_toesiopes  •fine's^ 


ICIlr.zV- 


-(1)  H.altmal_fan_favorable_surface.iDorphoio9y 


Figure  30.  The  user  has  answered  all  queries  of  the  system  regarding  pattern  elements  correctly  and 
the  hypothesis  of  an  alluvial  fan  from  surface  morphology  has  been  established  as  true 
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5.3  Example  3 


topoiriphic.forai  b  *p<ain'  \Jy 
drain«9e_p*ctern  k  "tfichotoaic* 
d  Idrainaga.teiture  k  "coarie'^ 

•oi.tone  k 

tenit-covcr  b  "bkrren'.'ahrub*" 
vegetation  k  *»hruba*. barren”  \/A 
•fiacial  k  "fan  ahaped* 
ahape_in_|>lan_view  k  "fan  theped'syA 
•hape.in.apace  b  "aeadconical” 
occurrence  k  "betveen  aniuntain  rartge  highland  ar^  hroksy\^ 
iandforB_ls_border1ng_on_tta_higher.alde_To  k  "Mghlan^/y 
landforn  J«.borderin9_on_it«.lover.tide_to  k  "broad.lo^'<. 
loc8tkin.af_apez_of_fan  k  ”on  conatricted  vadey.of  higbsy-^ 
Tea  yaliey_debouncef.fron.highlandJnto.a.r8lativeiy_b^^^ 
toc8tk>n_of_fan_*hapad_outlkia  k  "along  tha  broad_baai  ns^/ 
located_at  b  "\4>perraost  pie*wnt  ttope_of_nountain_fra^^ 
topographic_areal_extent  k  *froai  lev*  than  1  aq  mi  to  mcsj' j 
topographic.thickneat  k  "up  to  hundreds  of  feet*  % 
deeply_cirt_by  k  "some  or  nuai>eroijs  prominent  fanhead 

cloaeiy_dlstected_by  k  *onfan_drainagewaya*  ^yi 
->Wrtte  "this _it_the_residt_of_dpa_ write*  sj*g 
»Let  aluvial.fan^fthology  "mountain  range  bedrock  itho 
•>Let  soiLtexture_of_ik)per_slopet  "coarse*^ 
»Let  aoiL-texture_of_toeslopes  "flne*^ 

Tea  Iconatructionaljandforml 

composed.of  k  ">mrlouily_torted_and_atratmed_alivndufi^^v 
cretated.by.geomorphic.proceaa.of  b  "depoaitiofi* 
■>Let  current.hypotheais  •H_pie<bnont_landtor«"sy'^ 
«>Let  current.hypotheaia  "H.basin.noor.landfbrm* 


■.71  U 


Tea  IL.alluviaL.fan_fevorabie_ciiniate 
yea  H_aliJMaJ_fan.favorabia.^hyMographic_aaction 

Tea  H_oihnMl_fan_fayorabte_pattern_eiefnenta  ^\\\ 
Wea  H_al«naal_fan_favorabte_surface_morphotogy 

Tea  H_alluwel_fan_favorat}le_aite^\\ 
Tea  H^atlu^al^fan_fevorabie.aasoclatlon 
—Tea  K_aiuwaLfan_fBVDrable_georaorphic_proceaa  — 
Tea  H_slluviet_fan_favorai)le_regional_emaronment 
»>RBoet  H_playa_fBvorable_terrain 


Figure  31.  The  user  has  answered  all  queries  of  the  system  regarding  pattern  elements  and 
geomorphic  context  correctly  and  the  hypothesis  of  an  alluvial  fan  from  surface 
morphology  as  well  as  the  hypothesis  of  an  alluvial  fan  favorable  terrain  from  geomorphic 
processes  have  been  established  as  true 
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\  Te*  N_aluvi0l_fan_tavorafele_civiste 

Vw  H.aluml_fan_itevDrable_ptiy«io9niphic_«Qctton 
\  Te*  H_alluM»l_fin_favor*bte_p*tten»_ate«enif 
'Te»  H_elluv»«l_fen_f»vor®bte_«urf«ce_»ofphoto9y 

Yet  H_alliiiflaLfin_fawrt6le_»fte  s/Ow 
ro«  H_«luN4ai_fsn_favorabto_««»oclatk>n 

- Tes  H_a(hi>a«J.fan_f«vDrabie_9ecMnorphic_j»roce*« 

Ye*  H_allLnnaf_fan_favorable_reqional_environafent 
->lte*et  H_ptaya.ravorable.terra^ 

->Let  cijrrent_h>pothe*i»  •H_j>laya_favorabte_terram-  \jn  j 
»>Let  curfent_hypothe*b  "corwtralnt*  Me*«a9e$  of  9\\w\hjU 
*>LBt  curr8nt_hypotKatR  *ar>q^oaring  propartie*  of  aluvs/y 
current_tatk  ‘engineering  appfecation* 

Ye*  H_rock_pedment_fBv«orafeie_*jrf8ce_morphology 
Ye*  H_rock_^BAnent_fawr8t3le_9eamorphic_proc«t 

Ye*  H_8fcj'>4aL1tet_f«vor8bte_*Lirf8ce_morphoiogy5^'.-.,.^^  ^ 
Ye*  H_akiwal_ttet_fe«)r»b*e_geomorphjc_proce«* 

Ye*  H_fisn_pie<tnont_coaie*cent_8HLM8l_f8n_favoratiie_*urf»ce_ir!0  / 

Ye*  H_fan_piet*nont_coale*cent_allu>i8Lf»n_favorable.geoffwrphc.'p^^^^^^ 


Ye*  H_playa_ftvor8b*e_*jrf8ce_fnorphologyJp|J 
Yes  H_piaya_favorabte_geo«iorphk:_proces*  ^ 


/Yes  H.faruffadmont.coaiescent.aluvteLfan^faysr^e.terrafn 55 — 

^Te*  H_alluviai_fan_favorabte_ terrain'^— 

- - - ^Ye*  H_rock_pedment_f8wratte_terr8in  55| — 

■ — - ^Ye*  H_afcjvwi_ttet_f8\orateie_terr8in  Rh 

H_play8_f8\,orafele^terrain  55l“ 


Figure  32.  The  user  has  answered  the  queries  of  the  system  regarding  all  aspects  of  reasoning  for 
alluvial  fan  favorable  terrain  and  therefore  the  combined  evidence  rule  has  been  established  as 
true,  while  the  rest  of  the  hypotheses  concerning  the  other  landforms  (pediment,  playa  etc  ) 
have  failed 


^Ye*  H^fan_p>a*^nt_coaJe*cent_allu'^aJ_fan_i^«rable_terr8ti  55 - 02  55h" 

^Ye*  H_allu^al_fan_fBvorabie_terraln  - r.101  \J~ 

■ - Yes  H_rock_pedinent_faw3rable_terrain  55 - 03  5J^ 

_ _ _ _ - — -Yes  H_0lluvie!_f!at_fasoreble_terrein  55 - r,8055|~' 

^^Yes  H_play8_favoreble_T8rrer  55 - 5t" 


^^^^‘"Ye*  H_f)ledHont_sJDpe_tanctfonn  \J- 
Yes  H_mountafn_«nd_rar>ge_favcrab)e_terr^r^  5^ 
-  '  '■ — —Yes  H_be*in_l1oor_landform  55“ 


Figure  33.  The  established  hypothesis  of  an  alluvial  fan  favorable  terrain  proves  true  the  hypothesis  of 
a  piedmont  slope  landform 


H_piedinont__slope_landforni  \J —  - r  77^ 

Yes  H_mountain_an£i_range_fa\orable_ terrain  JjjJ - r76 

—  ^  Yes  H_basin_floorjandform  JIJ— —  r  78 


H_ba*in_and_  range_landforni  \J 


Figure  34.  The  established  hypothesis  of  piedmont  slope  landform  proves  true  the  hypothesis  of  a 
Basin  and  Range  landform 
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5.4  Example  4 


In  this  example  the  system  starts  by  the  user  giving  the  top  goal  “acquire  from  user  the  number  of 
landforms  of  the  site”  (Figure  35).  this  goal,  upon  getting  from  the  user  the  required  number  for 
landforms  (Figure  35),  asks  for  the  pattern  elements  of  each  landform  as  it  is  showing  in  the  following 
examples  (Figure  36,  Figure  35,  Figure  37).  Upon  getting  the  pattern  elements  of  each  landform  (Figure 
36,  Figure  35),  it  creates  unknown  landform  instances  IfJ  (Figure  38),  tests  the  landforms  as  to  their 
type  (Figure  35),  performs  regional  and  physiographic  analysis,  and  at  the  end  it  creates  the  identified 
instances  (objects)  of  each  identified  object  Figure  38. 


Name  (1)  llfl.num_ofJtemsJnit6) - [1]  r,3  9— fl  1  aauire_from_user._number# 


*  RULE  3 

If 

1)  llfl.num_of_items_initial  is  assigned  to 
llfl.num_of_items_initial 

Then 

There  is  evidence  of 

aquire_from_user_number_of_initiaLlandforms_of_the 

_site 

111 

1 

OF 

Figure  35.  The  user  is  giving  the  top  goal  “acquire  from  user  the  number  of  landforms  of  the  site” 
which  requests  the  number  of  landforms  to  examine.  The  user  responds  for  two 
landforms. 


3  1 


UJhat  is  the  topography  of  lf_l  ? 


Figure  36.  The  system  gets  from  the  user  the  values  of  the  pattern  elements 


—(1)  creats_r9qulretl_lnstance^ — , 

Execute  "Message’  •STfirK/'s  ' '  - , 

Name  <l.r.>.t»po9r8phy  laltlarizatlon.ar  patteW  • 

Name  <llfl>.aralnage_patt>^/  ^ 

Execute  "Message"  eSTRINy.^ 
Strategy  ©PTGATES-FALSs/^ 
->Let  (1)  current_taslc_l»i>y'' 
->Strategy  •PT6  ATES=TFs// 


Hi]  r.77s/-^[1]  e»aluatB_all_landform.^ 

Figure  37.  The  system  proceeds  with  contexts  through  the  various  tasks 


tdjacsncy.niation 

adjsc«nc)r_rtlatloru.v 

adjacent,  to 

counter 

counter? 

drainaga.pattam 

name 

num_of.Jtami 

num_£iLltifn*.inm8l 

presence 

topography 

afljacency.retation 

adJacency.roiation_v 

•Oiacent_to 

counter 

counter? 

dreiRagi.oattim 

name 

nurruof.ltems 

num.of_items.inilial 

presence 

topography 


Figure  38.  The  system  has  created  the  initial  instances  of  the  two  iandforms  and  then  upon  infering 
their  type,  it  copies  them  under  the  proper  landform  classes  as  their  instances. 
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6.  Knowledge  Acquisition  and  Compilation 

As  it  was  explained  during  the  identification  and  formalization  stages  of  the  landform-related  knowledge,  it 
was  necessary  to  expand  the  landform-pattern  element  approach  to  include  an  expanded  range  of  landform 
indicators  such  as  additional  pattern  elements,  indicators  of  regional  context,  indicators  of  physiographic 
context,  and  indicators  of  geomorphic  process  context. 

This  knowledge  was  compiled  and,  systematized  to  a  certain  degree,  with  great  difficulty  because  of  the 
variety  of  opinions  in  the  textbooks  regarding  the  landform  indicators  and  their  values  and  also  because 
the  systematic  organization  had  to  be  made  in  an  adhoc  trial-and-error  manner. 


The  results  of  this  collected  and  systematized  factual  (qualitative  and  declarative)  knowledge  is  presented 
in  the  tables  of  this  section.  It  is  organized  into  classes  (Pattern  Elements,  Geomorphology, 
Geomorphometry  e.t.c.).  Each  class  is  characterized  by  attributes  (slots)  and  attribute  values. 

The  following  landforms  and  physiographic  regions  are  described  in  Tables  8-15: 

•  Alluvial  Fans 

•  Valley  Fills 

•  Playas 

•  Continental  Alluvium 

•  Physiographic  Context 

•  Sonoran  Desert 

•  Great  Basin 
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TABLE  8 
ALLUVIAL  FANS 


EVIDENCE 

CLASS 


Pattern  Eiemehts 


Geomorobo 


GeomorDhome 


Material 


Regional  context 


Value 


Drainage  Pattern 


Gullies 


Tone 


lisssiin 


Vegetation 


Distinguished  from 


dichotomic, 

radial-braided 


no,  few 


\mssm 


fan-shaoed 


natural  cover 
scattered  scrub,  grass 


from  Deltas  bv  its  oersbective  slooe  toward 


Landform  Type 


Climate 


Process 


Water  Regime 


Stream  Process 


Depositional  Mechanism 


Depositional  Area 


depositional 
alluvial  deposit 
fluvial  landform 


arid 

semi-arid 


fluvial 


loaded  stream 


ephemeral 

intermittent 


braided 


abrupt  change  of  stream  gradient  &  veloci 


on  adjacent  plane 
in  front  of  a  valley  mouth 


Planimetric  Shape 


^TtTafiK«Ti 


iesbsbi 


Concavity/Convexity 


Highest  Portion 


Lowest  Portion 


Surface  Height 


Surface  Slope 


Profile  Development/gullies 


Surface  Verbal  Description 


Rock 


Origin  of  Material 


Kind  of  Material 


Sediment  Composition 


Spatial  Distribution 


adjacent  to 


fan  shaped  outline 


conical 

a  cone  radiating  downslope 


distinct 


concave  radially 
convex  transverse! 


ex 


outer  fringe 


low 


few  hundred  meters  to  tens  of  kilometers 


a  fan  rises  gently  towards  its  apex  at  1-10 
degrees,  the  fan  slopes  gently  towards  its  outer 
fringe 


sediment  from  toaded  stream 


bed  load  (larger  particles  rolled  along  stream  bed) 
suspended  load  (smaller  particles  picked  up  and 
carried  forward  in  suspension) 


sand  and  gravel,  also  a  small  portion  of  silt  &  clay 
(more  in  humid  climate) 


•  coarsest  material  near  apex 

•  finer  material  near  the  margin  of  the  fan 

•  apex  contains  boulders  &  cobbles 


flat  plain 


TABLE  8 

ALLUVIAL  FANS 

EVIDENCE 

CLASS 

Slot 

Value 

valley  mouth 

higher  than 

plane 

lower  than 

valley  mouth 

contained  in 

adjacent  plane 

Physiogr.  Context 

contained  in 

Mountain  Range  Province 

contained  in 

Sonoran  Desert  Section 

contained  in 

Great  Basin  Section 

contained  in 

piedmont 

of  a  piedmont 

out  of 

pediment 

lower  than 

piedmont  junction 
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TABLE  9 
VALLEY  FILLS 


EVIDENCE 

CLASS 


F?attem;i£iements 


Geomoroho 


Geomorphc»ne 


Materia 


Reg  icmal  context 


Physioar*  Context 


Drainage  Pattern 


Gullies 


Tone 


Vegetation 


Parallel,  braided 


none 


uniform  light  ora 


filled  valley  bottoms 


natural  cover 
cultivated 


Landform  Type 


Climate 


Process 


Agent 


Water  Regime 


Stream  Process 


Drainage  Texture 


Depositional  Mechanism 


Depositional  Area 


depositional 
alluvial  deposit 
fluvial  landform 


arid 

semi-arkJ 


fluvial 


loaded  streams 


ephemeral 

intermittent 


braided 


loaded  streams  shift  channel  and  deposit  vast 
amounts  of  alluvial  deposits  during  severe  storms 


flat  valley  bottom 


Planimetric  Shape 


3d  Shape  (geometric  shape 


lane 


radually  gently  sloping  plane 


!■  I  Mini  II  mill  —I 


Highest  Portion 


Lowest  Portbn 


Surface  Height 


Size 


Surface  Slope 


Profile  Development/gullies 


Surface  Pattern 


Surface  Verbal  Description 


Rock 


Origin  of  Material 


Kind  of  Material 


Sediment  Composition 


Spatial  Distribution 


lane 


near  the  highlands 


near  the  valley  bottom 


tow 


entiv  sloping  away  from  the  highlands 


little 


rock  islands 


flat  valley  bottoms  gradually  sloping  from  the 
highlands,  interrupted  occasionally  by  rock  islands 


alluvial  sediments  from  highlands 


alluvial  sediments 


sand  and  gravel,  also  a  small  portion  of  silt  &  clay 
(more  in  humid  climate) 


coarsest  material  near  the  highlands 
finer  material  near  the  valley  bottom 


lower  than 

highlands 

alluvial  fans 

bahadas 

contains 

playas 

adjacent  to 

alluvial  fans 

bahadas 

contained  in 

Mountain  Range  Province 

contained  in 

Sonoran  Desert 
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EVIDENCE 

CLASS 


TABLE 

VALLEY  FILLS 


Slot 


Value 


contained  in 


Great  Basin 


contained  in 


out  of 


lower  than 


pediment 


pediment 


lower  than 


piedmont  junction 
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TABLE  11 
PLAYA 


EVIDENCE 

CLASS 


Pattern  Eiements 


Drainage  Pattern 


Gullies 


Tone 


Vegetation 


Landform  Type 


Climate 


Process 


Agent 


Water  Regime 


Stream  Process 


Drainage  Texture 


Depositional  Mechanism 


Depositional  Area 


none 


none 


light,  scrabbled 


flat  basin 


barren 

cultivated 


depositional 
fluvial  landform 
dry  lake  bed 


arid 

semi-arid 


fluvial 


shallow  temporary  lake 


ephemeral 

intermittent 

occasionally  covered  with  shallow  sheets  of  water 


none 


interior  drainage  &  ctosed  basin 


base  level  plains  of  topographically  closed  drainage 
basins 


Planimetric  Shape 


3d  Shape  (geometric  shape) 


flat  plane 


plane 

horizontal 


Shape  Bounda 


Materi;^ 


Regional  context 


PhvsiogTv:  Context 


Highest  Portion 


Lowest  Portion 


Surface  Height 


Size 


Surface  Slooe 


Profile  Developmenvgullies 


Surface  Pattern 


Surface  Verbal  Description 


Rock 


Origin  of  Material 


Kind  of  Material 


Sedimentary  Composition 


Spatial  Distribution 


adjacent  to 


contained  in 


contained  in 


lane 


lane 


lane 


base  level  basin 


few  so.  m  to  9.000  sg.  km 


horizontal  in  slope 


none 


temoorarv  shallow  lake,  usually  light  photo  tones 


lakebeds  of  baselevel  plains  of  desert  closed  basins 
with  internal  drainage  occasionally  covered  with 
shallow  sheets  of  water,  with  little  or  no  vegetation 


stratified  silt  &  clays  with  large  soluble  salt 
uantities 


contained  in 

Mountain  Range  Province 

contained  in 

Sonoran  Desert 
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TABLE  11 
PLAYA 


EVIDENCE 

CLASS 

Slot 

Value 

contained  in 

Great  Basin 

contained  in 

valley  fills 

contained  in 

continental  alluvium 

contained  in 

interment  basins 

out  of 

lower  than 

pediment 

lower  than 

alluvial  fans 

lower  than 

bahadas 

lower  than 

piedmont  junction 

^ - - - 
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TABLE  12 

Continental  Alluvium 

EVIDENCE 

CLASS 

Slot 

Value 

Pattern  Elements  : ; 

Slot 

V^e 

Drainage  Pattern 


Vegetation 


Gecsnorohome 


Materia 


Rea  iortal  context 


Landform  Type 


Climate 


Process 


Agent 


Water  Regime 


Stream  Process 


Drainage  Texture 


Depositional  Mechanism 


Depositional  Area 


Planimetric  Shane 


3d  Shape  (geometric  shape 


Shane  Bounda 


Concavity/Convexi 


Highest  Portion 


Lowest  Portion 


Surface  Height 


Size 


Surface  Slone 


Profile  Development/gullies 


Surface  Pattern 


Surface  Verbal  Description 


Rock 


Origin  of  Material 


Kind  of  Material 


Sedimentary  (Composition 


Spatial  Distribution 


adjacent  to 


lower  than 


internal, 

dendritic 


few 

U-shaped 


uniform  light  gra 


broad  flat  plains 


natural  cover 
cultivated 


depositional 
alluvial  landform 
fluvial  landform 


arid 

semi-arid 


fluvial 


loaded  streams 


ephemeral 

intermittent 


braided 


coarse  (regional)  drainage 


loaded  streams,  originated  in  mountains,  deposit 
vast  amounts  of  alluvial  deposits  on  adjacent  planes 
during  severe  storms 


flat  planes  (adjacent  to  mountains 


broad  flat  plane 


flat  plane 


•  very  broad  planes  in  regional  scale 

•  cover  thousands  of  sguare  miles 


flat 


few  U-shaped, 

badland  erosion  features  along  its  edges 


buffalo  wallows 


fiat  plains  covering  vast  regions,  occasionally 
broken  by  small  circular  flat  bottomed  depressions 
caused  by  wind  erosion 


sedimenta 


alluvial  sediments  from  highlands 


alluvial  sediments 


sand  and  gravel  also  a  small  portion  of  silt  &  clay 
(more  in  humid  climate) 


coarser  particles  settle  near  the  basin  margin 
finer  material  is  deposited  near  the  basin  center 


alluvial  fans 
bahadas 


highlands 
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EVIDENCE 

CLASS 


Province 


earance 

ne  or  more 

TABLE  13 

Evidence  of  the  Basin  and  Range  Province 
Phvsioqraphic  Context 


Value 


mountain  ranqes  separated  by  desert  basins 


ranaes  are  rouahiv  parallel 


eneral  straiahtness  is  more  worthy  than  the  opposite 


ranqes  are  smaller  and  larger 


he  bulk  of  a  ranqe  is  fairly  continuous 


ithin  a  ranqe  no  qreat  and  sudden  variation  in  height 


ranqes  are  not  deeply  notched  &  segmented 


0-75  miles  commoni 


-15  miles  are  common 


ilted  faulted,  folded  &  eroded  blocks, 


lainly  unsymmetrical  (tilted  faults  blocks 


the  course  of  mountain  front  marks  usually  a  qreat  fault 


mature  dissection  by  angular  valleys 


requent  occurrence  of  ravined  slopes 


the  meeting  of  valley  floor  &  mountain  side  is  abrupt 


asin  are  almost  level 


oncave  basins  filled  with  sediments 


leads  to  enclosed  basins 
lavas 


43 


TABLE  14 
Identification  of  Sub-Physioqraphic  Units 


Sonoran  Desert 


value 


Great  Basin 


value 


Erosion  cycle 


Drainaae 


Tectonism 


Basins 


relative  heioht 


range  size 


3000  ft  contour 
indicator 


usual  heights 


ranges  % 


pediments  % 


basins  % 


overall  degree 
of  erosion  cycle 


relative  degree 
mountain 
erosion  cycle 


degree  of 

unification/indep 

endence 


drainage 

integration 


centripetal 

drainaae 


tectonic 
planimetric 
shape  of 
mounts  outline 


mountain  ranges 
intervening  desert  planes 


much  lower  in  altitude 


mountain  ranges  are 
smaller 


an  insignificant  portion 
lies  above  3000  ft 


more  than  1/2  of  surface 
is  below  2000  ft 


1/5  is  covered  by 
mountain  ranges 


2/5  of  the  area  is  covered 
by  pediments 


2/5  of  the  area  is  covered 
by  basins 


the  erosion  cycle  has 
proceeded  further  here 


greatly  eroded  mountain 
forms  of  a  long  erosion 
cycle 


union  of  basins  in  a 
common  drainage  system 


much  of  area  has  no 
centripetal  drainage 


most  of  the  ranges  are 
without  the  straight  base 
lines  relied  on  fault  origin 


a  minority  of  mountain 
ranges  was  interpreted  as 
fault  blocks 


much  higher  in  altitude 


mountain  ranges  are  larger  (lengths 
of  50-75  &  widths  of  6-15  miles 
are  common) 


a  significant  portion  lies  above 
3000  ft 


ranges  most  frequent  altitudes  are 
7000-10.000  ft  above  sea  level 


1/2  of  the  area  is  covered  by  mount 
ranges _ 


pediments  are  less  prevalent 


1/2  of  the  area  is  covered  by  basins 


erosion  cycle  has  proceeded  less 
here 


ranges  are  in  a  younger  erosion 
stage 


eroded  mountains  possibly  at  the 
first  erosion  cycle 


independence  of  drainage  basin 


drainage  is  either  not  or  less 
integrated 


interior  drainage  (centripetal)  is 
highly  characteristic 


majority  of  ranges  are  eroded  tilted 
fault  blocks  (plainly  unsymetrical  in 
slope ) 


evidence  of 
concave  basins 


large  areas  are  without 
concave  basins  of  internal 
drainage 


pediments  are  less  prevalent 


concave  basins  of  internal  drainage 
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